Necrosis and ethylene-inducing peptide 1 (Nep1)-like proteins (NLPs) are secreted by a wide range of plant-associated microorganisms. They are best known for their cytotoxicity in dicot plants that leads to the induction of rapid tissue necrosis and plant immune responses. The biotrophic downy mildew pathogen Hyaloperonospora arabidopsidis encodes 10 different noncytotoxic NLPs (HaNLPs) that do not cause necrosis. We discovered that these noncytotoxic NLPs, however, act as potent activators of the plant immune system in Arabidopsis thaliana. Ectopic expression of HaNLP3 in Arabidopsis triggered resistance to H. arabidopsidis, activated the expression of a large set of defense-related genes, and caused a reduction of plant growth that is typically associated with strongly enhanced immunity. N-and C-terminal deletions of HaNLP3, as well as amino acid substitutions, pinpointed to a small central region of the protein that is required to trigger immunity, indicating the protein acts as a microbe-associated molecular pattern (MAMP). This was confirmed in experiments with a synthetic peptide of 24 aa, derived from the central part of HaNLP3 and corresponding to a conserved region in type 1 NLPs that induces ethylene production, a well-known MAMP response. Strikingly, corresponding 24-aa peptides of fungal and bacterial type 1 NLPs were also able to trigger immunity in Arabidopsis. The widespread phylogenetic distribution of type 1 NLPs makes this protein family (to our knowledge) the first proteinaceous MAMP identified in three different kingdoms of life.
I
mmune responses in plants generally start by receptor-mediated detection of nonself molecules that are conserved among different classes of microbes, both beneficial and pathogenic (1) . These molecules often have essential functions in microbial fitness (2) and are known as microbe-associated molecular patterns (MAMPs). Upon their perception by the plant, MAMPs trigger basal immune responses (3), e.g., ethylene biosynthesis, production of reactive oxygen species, release of antimicrobial compounds (4) , and in certain cases programmed cell death (2) . Collectively, these responses contribute to resistance against nonadapted pathogens [MAMP-triggered immunity (MTI)].
MAMPs of plant-infecting microbes have been described for bacteria, fungi, and oomycetes. Three characterized bacterial MAMPs are flagellin (5), EF-Tu (6) , and peptidoglycan (7) . Flagellin is the main protein of the bacterial flagellum, which is used by eubacteria for movement. A highly conserved fragment of 22 aa, named flg22 (5) , is sufficient to activate MTI in Arabidopsis and other plant species. Elongation factor thermo unstable (EF-Tu) is an abundant and conserved bacterial protein that plays a central role in the elongation phase of protein synthesis. An 18-aa domain of EF-Tu, named elf18, is recognized as a MAMP in Brassicaceae species, but not in other tested plant families (6) . Peptidoglycan (PGN), the third characterized bacterial MAMP, is a major structural component of most bacterial cell walls. PGN, consisting of strands of alternating N-acetylglucosamine and N-acetylmuramic acid residues, triggers immunity in Arabidopsis (7) . An important fungal MAMP is chitin, a structural component of all fungal cell walls. Plants are able to recognize chitin, and fragments of 4-10 N-acetylglucosamine residues are the most potent inducers of defense (8) . Recently, a second fungal MAMP was identified, a secreted polygalacturonase of Botrytis cinerea that triggers immunity in Arabidopsis (9) .
Four oomycete-derived MAMPs have been identified to date (10): (i) heptaglucoside fragments, originating from branched β-glucans that are major cell wall polysaccharides, and that trigger defense responses in many Fabaceous plants (11) ; (ii) glycoprotein 42, a calcium-dependent transglutaminase that functions in irreversible protein cross-linking and is abundant in Phytophthora cell walls, and a 13-aa peptide fragment thereof that elicit MTI responses in parsley (12) and potato (13) ; (iii) elicitins, secreted proteins with sterol-binding activity (14) , which provoke necrosis in Nicotiana plants through induction of cell death (15) ; and (iv) the Phytophthora cellulose-binding elicitor lectin, which is thought to cause perturbation of the cell wall cellulose status, thereby triggering necrosis and MTI in tobacco and Arabidopsis (16, 17) . Other groups of cell death-inducing proteins may also qualify as MAMPs based on their widespread occurrence among different pathogens (2), e.g., the Crinklers and the cytotoxic necrosis and ethylene-inducing peptide 1 (Nep1)-like proteins (NLPs) (10) .
Two major NLP types are found in bacteria, fungi, and oomycetes (18, 19) and are known to cause rapid necrosis and ethylene production in many dicot, but not in monocot plant
Significance
Peptide fragments of Nep1-like proteins (NLPs), occurring in diverse microorganisms of three different kingdoms of life, were found to trigger immunity in the model plant Arabidopsis, indicating that they act as a microbe-associated molecular pattern (MAMP). A synthetic peptide of 24 aa from the central part of the downy mildew HaNLP3 protein was found to activate the plant immune system and trigger resistance to this pathogen. Strikingly, not only peptides of oomycete NLPs, but also those of bacteria and fungi were shown to act as a MAMP. This unprecedented broad taxonomic distribution demonstrates that the occurrence of a MAMP is not necessarily restricted to a class of microorganisms but can occur in a wide range of species from the tree of life.
species (18, 20) . Type 2 NLPs differ from type 1 by an additional conserved second cysteine bridge and putative calcium-binding domain (19) . In Arabidopsis, cytotoxic NLPs were found to activate immunity-related gene expression, which strongly overlapped with that induced by flg22 (21, 22) . However, it was suggested that immune responses resulted from cytotoxicity. Moreover, necrosis was only induced upon treatment with the complete NLP protein (23) . In vitro, cytotoxic NLPs cause rapid leakage of dicot membrane-derived vesicles, suggesting a direct cytolytic activity (24) . The immunogenic effect of NLPs was therefore suggested to result from direct cellular damage (24) , or release of damage-associated molecular patterns (3) .
Several plant-infecting oomycetes have large expansions of NLPs in their genomes (25) (26) (27) , suggesting that these proteins play an important role in the pathogen's lifestyle. A clear virulence function was observed for NLP Pcc of the rot bacterium Pectobacterium carotovorum (27) . Also, individual deletion of two NLP genes in the fungus Verticillium dahliae resulted in reduced virulence on different host plants (28) . Five other NLP genes in this fungus encode noncytotoxic proteins (29) , a phenomenon that is also observed in oomycetes. When tested by transient expression in tobacco, necrosis was only induced by 1 out of 3 tested NLPs of Phytophthora infestans (30), 8 out of 33 NLPs of Phytophthora sojae (31), whereas not a single 1 of 10 NLPs of Hyaloperonospora arabidopsidis tested caused necrosis (26) . In contrast to cytotoxic NLPs that are mainly expressed during necrotrophic stages of infection, noncytotoxic NLPs appear to be expressed early during infection (26, 30) , suggesting they serve an, as-yet-unknown, function during penetration or initial colonization of the host.
In our search for the biological function of noncytotoxic NLPs of H. arabidopsidis, transgenic HaNLP-expressing Arabidopsis plants were generated that were severely stunted. In this paper, we show that Arabidopsis responds to noncytotoxic HaNLPs and small peptide fragments thereof that are highly conserved in type 1 NLPs. The peptides activate ethylene production and other typical MAMP-triggered defense responses, but not tissue necrosis, indicating they act as a MAMP. NLPs are not restricted to a single class of microbes but present in a broad range of mostly plant-associated microbes (bacteria, fungi, and oomycetes) belonging to three kingdoms of life, making this a MAMP with an unprecedented broad taxonomic occurrence.
Results
HaNLP Expression in Arabidopsis Leads to Severe Growth Reduction and Resistance to Downy Mildew. H. arabidopsidis, the downy mildew pathogen of Arabidopsis, has an expanded family of 10 different NLP genes that encode noncytotoxic secreted proteins (26) . To determine whether the HaNLPs would facilitate the infection process and enhance disease susceptibility of Arabidopsis, transgenic HaNLP overexpression lines were created. Surprisingly, overexpression of 7 of the 10 NLP genes (HaNLP2, 3, 4, 5, 6, 9, and 10) resulted in transgenic plants showing severely reduced growth, compared with control plants transformed with Yellow Fluorescent Protein (YFP) (Fig. 1A) . Plants expressing HaNLP1, 7, and 8 showed no, or limited growth reduction, which was not significantly different from the YFP-expressing control. All other transgenic lines, except for HaNLP5-expressing plants, produced seeds and were tested in the next generation (T3) by weighing the aerial parts of 10 seedlings per NLP-expressing line. NLP-induced weight reduction confirmed the growth effects observed on individual T2 plants (Fig. 1B) .
HaNLP-expressing plants showed strongly reduced susceptibility to the downy mildew H. arabidopsidis (Fig. 1C) , and strikingly, these same lines also showed severe growth reduction. There was a strong correlation (R 2 = 0.89) between the level of susceptibility and the fresh weight of the transgenic lines expressing different HaNLP genes. In the literature, there is a multitude of examples of plant growth inhibition as a result of activation of plant immunity (32). The fact that the level of immunity of the HaNLPexpressing plants is well correlated to their growth inhibition, therefore, suggests that activation of plant immunity causes the observed growth reduction.
HaNLP3 Is a Potent Activator of Plant Immunity. As the observed activation of plant immunity in 35S:HaNLP-expressing plants could be the result of continuous overexpression, we created an estradiol-inducible line (containing an XVE:HaNLP3 construct). HaNLP3 was chosen for this as we studied this protein in more detail previously (26) . A transgenic line was selected that showed no detectable HaNLP3 expression in untreated plants and a strong induction upon treatment with estradiol. When sprayed with estradiol every 2 d for a period of 2 wk, these plants showed strongly reduced growth, similar to that of the 35S:HaNLP3 lines, whereas non-estradiol-treated plants developed normally (Fig. S1) . A control estradiol-inducible YFP line (XVE:YFP) did not show any growth reduction upon estradiol treatment. These data clearly indicate that growth reduction indeed results from exposure of plants to HaNLP3. The same lines were next used to investigate the effect of HaNLP3 expression on H. arabidopsidis infection. For this, the inducible XVE:HaNLP3 and XVE:YFP lines, which were phenotypically identical, were sprayed with water or estradiol 24 h before inoculation. A very strong reduction in susceptibility was observed in the estradiol-induced HaNLP3 line, but not in the YFP control line or water-treated HaNLP3 line ( Fig. 2A) . These data strongly support the idea that HaNLP3 triggers the plant immune system, resulting in resistance to H. arabidopsidis.
The question why transient expression of HaNLP3 leads to immunity to H. arabidopsidis was addressed by analyzing gene expression changes at 24 h after induction of the HaNLP3 transgene with estradiol. The expression of HaNLP3 resulted in a strong transcriptional response (Dataset S1); 2,586 genes were significantly (q value, <0.05) differentially expressed (at least fourfold) between estradiol-and water-treated seedlings of XVE:HaNLP3, of which 1,305 genes showed enhanced expression (more than fourfold up) and 1,281 genes were down-regulated (more than fourfold down). Comparing the 1,305 HaNLP3-induced gene set to other publicly available data showed that there was a strong overlap with genes up-regulated in response to the flagellin-derived MAMP flg22 (22) , and to BTH (33), a salicylic acid analog that activates plant immune responses (Fig. 2B) . The fact that HaNLP3 activates immunity-related gene expression, as well as resistance to downy mildew, strongly suggests that the protein acts as a MAMP.
Defense Induction in Arabidopsis by Recombinant NLPs. The observed induction of defense could be caused by artificial in planta production of high levels of the secreted HaNLP3 protein. We therefore tested whether recombinant HaNLP3 protein, delivered extracellularly in the leaf intercellular space, would activate plant immune responses, e.g., the defense gene PR-1. For this, HaNLP3 was produced in Pichia pastoris and the purified protein infiltrated in leaves of an Arabidopsis promoter PR-1: GUS reporter line. Leaves infiltrated with HaNLP3 showed a high β-glucuronidase (GUS) activity, indicating that the PR-1 promoter is strongly activated, similar to leaves infiltrated with the flg22 peptide that is a potent MAMP in Arabidopsis (Fig. 3) . In contrast, the control sample, PIC3 (P. pastoris empty vector control, purified in the same way as HaNLP3), as well as the buffer control, showed very little GUS activity. This experiment clearly shows that extracellular exposure of plant cells to HaNLP3 activates plant immune responses.
A Fragment of HaNLP3 Is Sufficient to Induce Plant Growth Reduction.
Proteinaceous MAMPs, e.g., flagellin or EF-Tu, are often recognized through smaller protein epitopes. To test whether smaller NLP fragments can still act as MAMPs, we made N-and (Fig.  4A) . Disruption of the disulfide bridge, which is essential for toxicity of cytolytic NLPs (23) , by substitution of the first cysteine residue by serine (C79S), did not reduce the growth-inhibiting effect of HaNLP3. Deletion of a 26-aa region between the two conserved cysteine residues also did not affect HaNLP3-induced growth reduction. Transgenic expression of successive C-terminal deletions of HaNLP3 resulted in a reduced growth phenotype for fragments 1-4, whereas further C-terminal deletions did no longer have a negative effect on plant growth (fragments [5] [6] [7] [8] . This suggested that sequences N-terminal of the heptapeptide motif are important for HaNLP3-induced growth reduction. Fragment 4, which ends with the heptapeptide motif, was further reduced in size by successive N-terminal deletions while leaving the signal peptide intact. Expression of fragments 9-12 in Arabidopsis showed that fragments 9 and 10, but not 11 and 12, reduced growth when expressed in transgenic plants. A 28-aa fragment of HaNLP3 (fragment 10) is thus sufficient to cause the growth effect. This fragment contains two regions that are highly conserved in type 1 NLPs (Fig. 4B) : conserved region I starting with the AIMY amino acid sequence, and conserved region II matching the heptapeptide motif. The corresponding conserved region I in the structure of NLP Pya is fully located inside of the protein, whereas the heptapeptide motif (conserved region II) is partly surface exposed (Fig. S2) . Nevertheless, native recombinant HaNLP3 protein induces ethylene production in Arabidopsis, a well-known MAMP response (Fig. S3) . Interestingly, heat-denatured HaNLP3 (boiled for 1 h) was an approximately three times more potent inducer of ethylene production (EC 50 = 0.2 μM) than native recombinant protein (EC 50 = 0.5 μM), suggesting the immunogenic epitope is not fully exposed in the native protein.
Synthetic NLP Peptides Trigger Immunity. A synthetic peptide of 24 residues (nlp24) was made that contains both conserved region I and II, but lacks the first 4 aa of the 28-aa peptide that are not conserved in type 1 NLPs (Fig. 4B) . nlp24 appeared to be a strong inducer of ethylene production in Arabidopsis (Fig. 5A) , confirming that this HaNLP3 peptide is sufficient to trigger an immune response. To investigate whether peptide fragments of other microbial NLPs also act as MAMPs in Arabidopsis, the corresponding nlp24 peptides of BcNEP2 (of the fungus B. cinerea) and BsNPP1 (of the bacterium Bacillus subtilis) were tested and found to induce ethylene production in Arabidopsis (Fig.  5A) . In contrast, the corresponding 26-aa peptide of the type 2 NLP of P. carotovorum (NLP Pcc ) did not induce ethylene production. Similarly, the nlp24 peptide of HaNLP3, but not the nlp26 peptide of NLP Pcc , was a strong inducer of GUS expression in the Arabidopsis promoter PR-1:GUS reporter line (Fig.  S4) . It is striking to see that nlp24 is the most conserved part (containing both conserved region I and II) in type 1 NLPs of bacteria, fungi, and oomycetes, as illustrated by alignment of HaNLP3, BcNEP2, and BsNPP1 (Fig. S5) . In contrast, conserved region I of type 2 NLPs differs at several amino acid positions from that of type 1 NLPs, whereas the heptapeptide motif is highly conserved in the two NLP types (Fig. 4B) .
To study whether nlp24 peptides also trigger immunity in Arabidopsis, we pretreated leaves with 100 nM peptide 1 d before inoculation with the downy mildew H. arabidopsidis Noco2. The nlp24 peptides corresponding to HaNLP3, BcNEP2, and BsNPP1 induced a strong immune response, resulting in resistance to Noco2. In contrast, treatment with the peptide of NLP Pcc did not reduce susceptibility to downy mildew, but resulted in sporulation levels similar to that of mock-treated leaves (Fig. 5B) . Our data show that peptides derived from type 1 NLPs of microbes occurring in three kingdoms of life are recognized as MAMPs by Arabidopsis and trigger effective immune responses.
nlp24 Peptides Are Diverse and Tolerant to Substitutions. The HaNLPs, when transgenically expressed in Arabidopsis, trigger different levels of immunity. To test whether this is caused by differences in affinity, the EC 50 values for ethylene production were determined (Table 1) . For NLP2, 4, 5, 6, and 10, the EC 50 values were in the range of 0.1-0.2 μM, similar to that obtained for nlp24 of HaNLP3, and of the heat-denatured HaNLP3 protein (0.2 μM). However, the EC 50 values were higher for HaNLP1, 7, 8, and 9 (range of 0.4-0.6 μM). Their reduced activity could explain the lower effect on growth in transgenic plants transformed with HaNLP1, 7, and 8, but not for HaNLP9 (Fig. 1) .
We next tested the minimal peptide length and composition by measuring ethylene production in response to truncated peptides and alanine-substituted versions of nlp24 (HaNLP3) ( Table 1) . Activity was not affected when the first 2 aa (AI) were not included (nlp22), but was strongly reduced when the first 4 aa (AIMY) were absent (nlp20). Deletion of the C-terminal heptapeptide motif from nlp24 (in nlp17) did not increase the EC 50 value. Further C-terminal truncated forms were still active, including an 11-aa peptide with the sequence AIMYAWYFPKD (nlp11) that corresponds to conserved region I (Fig. 5B ) and even had a slightly lower EC 50 of 0.1 μM. Removal of the first 2 aa of nlp11 resulted in a peptide (nlp9) that was 40 times less active. Ethylene-inducing activity of alanine substitutions in the conserved region I of nlp24 showed that methionine at position 3 of the peptide is required for full activity. Two other substitutions, of tyrosine 7 and aspartic acid 11, resulted in peptides with slightly reduced activity. Substitution of histidine 19, which is highly conserved in NLPs and is required for necrosis induction by cytolytic NLPs (24), did not result in a decreased EC 50 value, confirming that conserved region I, but not II, is required for MAMP activity of NLPs.
The bacterial BsNPP1 and fungal BcNEP2 peptides are 5-10 times more potent triggers of ethylene production than nlp24 of HaNLP3. In contrast, the 26-aa peptide of the type 2 NLP Pcc had a very high EC 50 value (>10 μM) and is clearly not acting as a MAMP in Arabidopsis. This was confirmed for nlp11 peptides that show slightly lower EC 50 values than HaNLP3 for BcNEP2, A B Fig. 4 . A conserved region from the central part of HaNLP3 is sufficient for MAMP-associated growth reduction. (A) Schematic representation of substituted and deleted versions of the HaNLP3 protein (showing the signal peptide, "SP"; glutamine-rich region, "Q-RICH"; cysteine residues, "C"; and heptapeptide motif, "7") and their effect on growth when overexpressed in transgenic Arabidopsis seedlings. Multiple T1 lines per construct were scored for growth reduction (with "+" indicating strong growth reduction and "−" indicating no growth reduction) following transformation of the different 35S: HaNLP3 variants. Fragment 10 contains the minimal region of 28 aa that is still able to induce MAMPassociated growth reduction. (B) A 24-aa peptide is conserved in type 1 NLPs from oomycetes, fungi, and bacteria (red-lined box). The 11-residue conserved region I is less conserved in type 2 NLPs. The second conserved region in the 28-aa fragment is the GHRHDWE heptapeptide that is characteristic for the NLP family, and that is conserved in both type 1 and type 2 NLPs. The weblogo is based on 378 type 1 NLP sequences and 122 type 2 NLP sequences (19) . Ethylene production in Arabidopsis is induced in response to nlp24 peptides (1 μM) of HaNLP3, BcNEP2, and BsNPP1, but not to the nlp26 fragment of the type 2 NLP Pcc . Leaf pieces were incubated for 4 h in buffered peptide solution before ethylene concentrations were determined (n = 3; SD is indicated and the experiment was performed three times with similar results). (B) Resistance to H. arabidopsidis in Arabidopsis is induced by nlp24 (100 nM) of HaNLP3, BcNEP2, and BsNPP1, but not of the type 2 NLP Pcc . The numbers of conidiophores per leaf is a measure of susceptibility. Leaves of 4.5-wk-old Arabidopsis plant were infiltrated with nlp24 peptides 1 d before inoculation with downy mildew isolate Noco2. Conidiophore counts were performed 10 d after inoculation. Significance of differences in the level of sporulation (with SE) was assessed with a Tukey HSD test (n = 44) and significant differences between lines are indicated with "a" and "b" (α = 0.01).
BsNPP1, and NLP Pya , but again a very high EC 50 for NLP Pcc . The data presented demonstrate that microbial NLPs, occurring in three kingdoms of life, act as MAMPs, making this an immunity-triggering protein family of unprecedented broad taxonomic distribution.
Discussion
NLPs Act as MAMPs. The discovery that noncytotoxic NLPs activate immunity in Arabidopsis was made while searching for a virulence function of these proteins in the downy mildew H. arabidopsidis (26) . When transgenically expressed in Arabidopsis, 7 of the 10 HaNLPs induced severe growth reduction that resembled that of documented Arabidopsis autoimmune mutants, e.g., cpr1 and cpr5 (34, 35) , suggesting that the secreted proteins activate plant immunity. Inducible expression of HaNLP3 resulted in the activation of many well-known immunity-related genes, which are also activated by the flg22 MAMP and the defense hormone salicylic acid (or its analog BTH). By creating C-and N-terminal truncations of HaNLP3, a 28-aa fragment was pinpointed as sufficient for MAMP-associated growth reduction. This fragment could be further reduced to a synthetic peptide of 24 aa that was sufficient to induce MAMP responses, e.g., ethylene production, and immunity to H. arabidopsidis. The nlp24 peptide is strongly conserved in both cytotoxic and noncytotoxic type 1 NLPs. Conserved region I (of 11 aa) contains the immunogenic part of nlp24. In the fungal VdNLP2 protein, this region was analyzed in more detail by Zhou et al. (29) , who observed that alanine substitution of six different amino acid residues resulted in loss or reduction of necrosis induction by this cytotoxic type 1 NLP. The fact that region I is also strongly conserved in noncytolytic NLPs, in particular those of the Arabidopsis pathogen H. arabidopsidis, suggest that this region is also important for a, so-far-unknown, noncytotoxic function related to virulence. A synthetic peptide (nlp26) of the type 2 NLP Pcc does not induce ethylene production in Arabidopsis, nor does it trigger immunity to downy mildew. This suggests that perception of NLPs is specific for type 1 NLPs (although we do not rule out that other type 2 NLPs can trigger immunity in Arabidopsis). The cause for this may be that conserved region I of type 2 NLPs differs from that of type 1 NLPs (Fig. 4B) .
Activation of immune responses by cytolytic NLPs has always been causally linked to their toxic activity (22, 23) . Ottmann et al. (24) demonstrated that the purified NLP Pp protein caused membrane leakage in vesicles from dicots, indicating the protein has a cytolytic activity. The immune response was suggested to result from cellular damage, or the release of damage-associated molecular patterns. The finding that Arabidopsis mounts an effective immune response to only a small, highly conserved, peptide of noncytotoxic and cytotoxic type 1 NLPs demonstrates that cellular damage is not required for NLP-triggered immunity in Arabidopsis. However, the fact that the type 2 NLP Pcc induces immune responses in Arabidopsis, but its internal peptide fragment is not recognized as a MAMP, suggests that cytotoxic NLPs also activate immunity through a different mechanism.
NLP Recognition in Arabidopsis. In their natural environment, Arabidopsis plants are exposed to a wide range of microbial organisms, a few of which are known to cause disease under field conditions (36) . Of these natural pathogens, the downy mildew H. arabidopsidis is the only one, known so far, that contains NLP genes. As pathogens are known to be important in shaping the evolution of host species, it is tempting to speculate that Arabidopsis has evolved the capability to detect NLPs as a mechanism to protect itself from downy mildew infection. The NLP-triggered immune response is clearly effective as pretreatment of plants with NLP proteins or peptides provide protection against downy mildew infection. Nevertheless, in untreated plants, H. arabidopsidis can overcome these defenses, as it is able to cause disease. We envision that, during its coevolution with Arabidopsis, the downy mildew has evolved effectors that suppress NLP-triggered immunity, a specific form of MTI. Candidate effectors of H. arabidopsidis for this suppression are the well-known host-translocated RXLR proteins that are encoded by an estimated 130-150 genes in this oomycete (37) . A large number of these RXLRs have been identified as effective suppressors of defense responses and MTI (38) (39) (40) (41) (42) (43) , and could suppress the early responses induced by NLPs.
MAMPs are generally recognized by pattern recognition receptors (PRRs) that are either receptor-like kinases (RLKs) and/or receptor like-proteins (RLPs) (44) . A peptide fragment of 10-25 aa is, in most cases, sufficient for triggering immunity, e.g., flg22 (5), Pep13 (13) , and elf18 (6) . The specificity of the ligand is determined by the receptor, but often a coreceptor, e.g., BAK1 (45) or SOBIR1 (9, 46) , is required for signal transduction. Other host factors could be required for the recognition of nlp24, as the peptide fragment is predicted not to be surface exposed, but located on the inside of the protein (Fig. S2) , based on the structure of the type 1 NLP Pya protein (24) . This suggests that it cannot directly be recognized by a cognate receptor, but requires (partial) degradation of the protein, likely by host proteases.
NLP MAMPs Occur in Microorganisms of Three Kingdoms of Life.
MAMPs have been defined as "highly conserved molecules within a class of microbes and to contribute to general microbial fitness" (2) . Some MAMPs are so important to microbes that they cannot thrive without the associated molecules. In Phytophthora and downy mildew species, belonging to the oomycetes, Table 1 . Half-maximum effective concentration (EC 50 ) of different nlp24-based peptides for the induction of ethylene biosynthesis in Arabidopsis Values were determined for nlp24 peptides of 10 different HaNLPs, for truncated versions and alanine substitutions of HaNLP3, as well as for nlp24-and nlp11-based peptides for BcNEP2, BsNPP1, NLP Pcc , and NLP Pya . EC 50 data were based on three measurements for each of six peptide concentration tested, repeated three times with similar results.
NLP genes have considerably expanded in number, suggesting they contribute to the lifestyle of these pathogens. It is striking to see that the NLP immunogenic region of 24 aa (nlp24) is highly conserved in type 1 NLPs. Substitutions in the nlp24 region of the fungal VdNLP2 protein in most cases led to loss of cytotoxicity, indicating the region has an important function (29) . The observed conservation of the recognized NLP peptide is important for the efficiency and durability of MTI and makes the application of NLP-triggered immunity to generate resistance to nonadapted phytopathogens promising.
NLPs are unique in their extremely wide taxonomic occurrence, suggesting they are advantageous to many different microbial species. Our finding of NLPs acting as proteinaceous MAMPs in Arabidopsis clearly shows that these recognized molecules are not confined to a single class of microbes; they are found in oomycetes, bacteria, and fungi. Therefore, the definition of MAMPs could be broadened to "highly conserved molecules found in microbes." The widespread occurrence of this class of secreted proteins, in particular in plant-associated microorganisms, makes their role as MAMPs highly relevant.
Materials and Methods
Generation of Transgenic Lines. The HaNLP coding sequences were amplified from H. arabidopsidis genomic DNA (primers listed in Table S1 ), cloned in plant transformation vectors, and used for stable transformation of Arabidopsis thaliana Col-0 plants as described in SI Materials and Methods.
Microarray Analysis. RNA, of 10-d-old Arabidopsis seedlings containing either XVE:HaNLP3 or XVE:YFP and induced by spraying with estradiol solution, was used for microarray analysis as described in SI Materials and Methods.
All other methods are described in SI Materials and Methods.
